ABSTRACT: The progression of genetically inherited cardiomyopathies from an altered protein structure to clinical presentation of disease is not well understood. One of the main roadblocks to mechanistic insight remains a lack of high-resolution structural information about multiprotein complexes within the cardiac sarcomere. One example is the tropomyosin (Tm) overlap region of the thin filament that is crucial for the function of the cardiac sarcomere. To address this central question, we devised coupled experimental and computational modalities to characterize the baseline function and structure of the Tm overlap, as well as the effects of mutations causing divergent patterns of ventricular remodeling on both structure and function. Because the Tm overlap contributes to the cooperativity of myofilament activation, we hypothesized that mutations that enhance the interactions between overlap proteins result in more cooperativity, and conversely, those that weaken interaction between these elements lower cooperativity. Our results suggest that the Tm overlap region is affected differentially by dilated cardiomyopathy-associated Tm D230N and hypertrophic cardiomyopathy-associated human cardiac troponin T (cTnT) R92L. The Tm D230N mutation compacts the Tm overlap region, increasing the cooperativity of the Tm filament, contributing to a dilated cardiomyopathy phenotype. The cTnT R92L mutation causes weakened interactions closer to the N-terminal end of the overlap, resulting in decreased cooperativity. These studies demonstrate that mutations with differential phenotypes exert opposite effects on the Tm−Tn overlap, and that these effects can be directly correlated to a molecular level understanding of the structure and dynamics of the component proteins.
T ropomyosin (Tm) acts as the thin filament "gatekeeper" of myofilament activation. 1, 2 It is essential for the regulation of actin−myosin interactions. The importance of Tm in cooperative activation of the thin filament has been well established for both binding of myosin to actin 3, 4 and binding of calcium to troponin (Tn). 5−7 The structure of the thin filament itself was confirmed to be a source of cooperativity by means of transmitting position to neighboring functional units whether via the Tm overlap or actin itself. 8, 9 These properties are key components of the three-state model of myofilament activation, with blocked, closed, and open myosin states, 10 developed by McKillop and Geeves. 11 A crucial component of cardiac myofilament cooperative activation is the noncanonical overlap structure between neighboring Tm molecules. The Tm overlap structure is composed of five α-helices: two from a C-terminal Tm dimer, two from an N-terminal Tm dimer, and one from human cardiac troponin T (cTnT). 12, 13 The strength of the Tm overlap interaction, determined by its structure, is responsible for the degree of positional information that is shared with neighboring functional units. The Tm components are known to be stabilized by the presence of a hydrophobic core domain, as the C-terminus of one of the Tm coiled coils "splays" to interact with the N-terminus of the next. 14 Most of the previously published structures contain only the structure of the Tm portion of the overlap, omitting cTnT. 15, 16 There exists a high-resolution overlap structure that includes skeletal TnT, published by Murakami et al., with an antiparallel orientation against Tm. 12 However, because one of the Tm N-terminal helices does not integrate with the overlap, this structure conflicts with recently published Tm-only versions. 13, 15, 16 The interaction of cTnT with Tm at the overlap is largely via a known binding region in TNT1, one of the two proteolytic fragments of cTnT. 17, 18 cTnT contains significant α-helical character, which extends from the Tn core along Tm, with several prior studies reporting its antiparallel nature with respect to Tm. 19−21 Additionally, the noncore regions of TnT are still not fully characterized, because they have not been crystallized, 22 although the overall organization of Tn on the thin filament was recently described by Yang et al. 20 Because the Tm overlap is a fundamental structure that modulates the cooperative activation of the myofilament, it follows that known human cardiomyopathic mutations within or flanking this region may cause disease by altering its structure and therefore its function. To directly assess this hypothesis, we chose two independent thin filament missense mutations known to cause highly divergent patterns of ventricular remodeling in patients, Tm D230N [dilated cardiomyopathy (DCM)] and cTnT R92L [hypertrophic cardiomyopathy (HCM)]. 23, 24 These mutations are both located directly adjacent to the Tm overlap. We also hypothesize that these mutations may have effects on thin filament cooperativity, because previous studies demonstrated that mutations in the cardiac thin filament create structural effects that propagate to remote locations in the thin filament and lead to changes in its global flexibility. 25−28 To further characterize the organization and geometry of the Tm overlap and to assess its potential role in the differential pathogenic ventricular remodeling caused by known thin filament point mutations, we utilized time-resolved Forster resonance energy transfer (TR-FRET) 29 in a fully reconstituted cardiac thin filament system. To overcome some of the limitations of prior studies in which fragments of thin filament proteins were used (and the TnT N-terminus was omitted), we used full-length human cardiac isoforms of all three Tn components along with Tm and actin to create fully reconstituted thin filaments. 30 Additionally, the thermodynamic stability of the fully reconstituted thin filaments was characterized via differential scanning calorimetry (DSC). These filaments were also simulated using molecular dynamics (MD) on our recently published atomistic, fully solvated model of the cardiac thin filament as shown in Figure 1 . 28 Our results demonstrate that the Tm D230N and cTnT R92L mutations differentially affect the Tm overlap as measured using all three techniques. Together, these results establish the baseline structure of the Tm overlap in terms of cooperativity of the thin filament and elucidate the differential effects of mutations that flank the Tm overlap.
■ MATERIALS AND METHODS
Protein Expression and Purification. Genes encoding human cardiac troponin I, human cardiac troponin T, human cardiac troponin C, and α-tropomyosin were inserted into pET3d vectors and provided by J. D. Potter. We introduced cysteines and mutations via site-directed mutagenesis using the Qiagen Quikchange II XL kit (Qiagen, Benelux, The Netherlands). The University of Arizona Genetics Core sequenced the resultant constructs that were verified using SnapGene Viewer (GSL Biotech LLC). Troponin components were expressed bacterially and purified via column chromatography as previously described.
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Tm was expressed with the N-terminal ala-ser via pET3d vector in BL21 Escherichia coli. This ensures that the Tm polymerizes and binds to actin properly. 32 A 2 L culture of ZYP broth was used as the medium (1% tryptone, 0.5% yeast extract, 0.5% glycerol, 0.05% glucose, and 0.2% lactose). Bacteria were pelleted out of the medium by centrifugation at 4000g for 15 min. The pellets were resuspended in doubly distilled H 2 O, and then 0.1 mg/mL lysozyme was added to the solution. The resuspended pellet was incubated on ice for 1 h and then frozen at −80°C for 10 min. The frozen solution was allowed to thaw at room temperature, with solid NaCl added to a final concentration of 1 M in the solution. The solution was sonicated three times for 3 min each, and then the lysed bacteria were centrifuged at 20000g for 45 min. The supernatant was boiled for 6 min and allowed to rest for 45 min at room temperature. The denatured lysate was centrifuged at 20000g for 20 min. The supernatant was recovered, and the pH was set to 4.6 using 1 M HCl, causing Tm to precipitate from solution. The solution was centrifuged at 20000g for 20 min. The pellet was then submerged in 1 M KCl, with the pH increased above 7.0 to resuspend the pellet. Once resuspended, the pellet was centrifuged at 20000g for 20 min. The acid/base cuts were repeated three times or until an A 260 /A 280 ratio of <0.8 was reached.
Actin Purification. Rabbit skeletal muscle was used to purify, prepare, and polymerize filamentous actin as previously described in the literature. 33 G-Actin was then extracted from the acetone powder as described. Prior to reconstitution of the thin filaments, the G-actin was polymerized to F-actin. The Gactin was set to slowly stir at room temperature. Then, 3 M KCl was added to the actin solution slowly to a final concentration of 50 mM. Then, 1 M MgCl 2 was added to the actin to a final concentration of 2 mM. The resulting actin was thoroughly mixed and polymerized at room temperature for 1 h. At the end, the viscous F-actin was pipetted using a wide-bore tip and used to reconstitute the thin filaments.
Protein Labeling. The proteins to be labeled (cysteinesubstituted Tm and cTnT) were dialyzed twice for 6−8 h versus labeling buffer [3 M urea, 50 35, 36 The reconstituted thin filaments were dialyzed against working buffer [0.15 M KCl, 50 mM MOPS, 5 mM NTA, 2 mM EGTA, 5 mM MgCl 2 , and 1 mM DTT (pH 7.0)]. Experiments were performed without calcium and with 1 mM calcium.
Data Acquisition. Lifetime data were acquired using an ISS ChronosBH system. A 340 nm LED signal light source illuminates the sample through a 340 nm bandpass filter to remove high-wavelength artifacts. The resultant emission from the sample was passed through a 390 nm long pass filter to remove scatter from the illumination and collected via a Hamamatsu H7422 detector. The pulse repetition rate of the instrument is 10 MHz, with analog to digital conversion (ADC) at <1% of the repetition rate. The sample is maintained at 10°C with a Julabo F-12 heating/cooling circulator. To acquire the instrument response function (IRF), the emission from a LUDOX solution was acquired through a 340 nm bandpass filter.
Data Analysis. All data were analyzed using FargoFit, a global analysis software previously developed by I. Negrashov. 29 Data analysis was developed in conjunction with B. Colson. The donor only decay is represented by a sum of exponentials as shown in eq 1, which has been convolved by the IRF
where τ Di values are the decay constants, A i values are the amplitude terms, and t is the time, with n being the number of decay constants (three decay constants had the best χ 2 fit while not increasing the complexity of the system).
The decay rate of each of these exponentials is increased in response to a nearby acceptor, with R 0 being the distance at 50% of energy transfer and R the distance between the FRET pair (eq 2). The R 0 for IAEDANS-DDPM was 28.04 Å for pairs using cTnT 100 IAEDANS and 28.96 Å for pairs containing cTnT 127 IAEDANS due to different probe environments. These R 0 values are within range of those found in the literature. 37, 38 This difference in donor fluorescence spectrum due to the altered environment can be seen in Figure S1 .
The model used to describe FRET in this system was derived by the Miki group, who previously investigated FRET between a donor on cTnT and acceptors on Tm. 30 This model considers three distinct sample populations in the fluorescence decay. There is the first population of the sample in which the donor is not participating in FRET, a second population in the sample in which the donor is undergoing FRET one acceptor of the Tm dimer, assuming equidistance between the donor and either acceptor, and the third population in which the donor is interacting with both FRET acceptors of the Tm dimer. These populations are shown in eq 3
where F D , F DA1 , and F DA2 represent the lifetime decays of each of the populations and X D , X DA1 , and X DA2 represent the proportions of each population. The distances are derived from the population interacting with one acceptor of the Tm dimer (F DA1 ).
An example of a typical data acquisition from both a donor only and a sample with the donor and acceptor and example fits is shown in Figure 2 .
Differential Scanning Calorimetry. Actin, Tm, and Tn were dialyzed against a reducing solution containing 2-mercaptoethanol as described previously. 39 Actin, Tm, and Tn were reconstituted against each other in a 5:3:3 molar ratio in accordance with DSC experiments previously performed on fully reconstituted thin filaments by Kremneva et al. 39 Samples were heated from 25 to 75°C at a rate of 0.5°C/min using the NanoDSC instrument (TA Instruments). The resultant calorimetric heating profile was analyzed using NanoAnalyze software provided by TA Instruments. Gaussian distributions were fit to the heating profile, based upon prior work in which DSC measurements of Tn−Tm−actin had been characterized. 39, 40 ATPase Assay. The ATPase assay using the labelconjugated version of the Cys variant proteins used in FRET demonstrated proper calcium-based Tn regulation of the thin filament (data not shown). 41 The assays were performed at 25°C in 10 mM KCl, 4 mM MgCl 2 , and 20 mM Tris-HCl (pH 7.6), with 0.05 mM CaCl 2 for samples with calcium and 1 mM EGTA for samples without calcium. The protein concentrations were 4 μM F-actin, 0.7 μM Tm, 0.8 μM Tn, and 1 μM S1. The reaction was coupled with a NADH regeneration system described by Matsuo et al. in which the time course of NADH absorption at 340 nm is followed over 10 min. 42 Molecular Dynamics. MD simulations of the fully atomistic thin filament model were performed according to published methods. 28 As we have described, a full model of the entire thin filament is necessary to obtain biologically relevant computational predictions, especially when the questions of interest involve the relative placement of one component of the thin filament (Tm) with respect to another (cTnT). To briefly summarize, the model was generated using NAMD version 2.9 Biochemistry Article using CHARMM27 force field parameters. The models were minimized for 5000 steps. The cell size of the original box was maintained, with periodic boundaries. The particle mesh Ewald (PME) method was used to calculate long-range electrostatic interactions, and the van der Waals interactions were cut off at 12 Å. The PME grid spacing was 1.0 Å, and the tolerance was 10
. The SHAKE algorithm constrained hydrogen length with a tolerance of 1.0 −8 Å. The models were heated at a rate of 1 K/ps to 300 K, followed by 10 ps with rescaling at 300 K to ensure the model reached 300 K. The model was then equilibrated for 690 ps in an isothermal−isobaric ensemble, with a Langevin piston used to maintain a constant pressure at 1 atm, and a Langevin temperature control maintaining a constant temperature of 300 K. As a check, we have compared results with equilibrations run for 20 ns, and the overall results are unchanged. MD production runs of 10 ns were simulated under isothermal− isobaric conditions. The average structures of the MD production runs allow for the visualization of conformational trends of the models. The resultant fully solvated model contains roughly 5 million atoms and was simulated on the University of Arizona high-performance computing facility utilizing GPU-equipped nodes.
Statistical Analysis. Tukey's multiple-comparison test was used to determine statistical significance on the sample using GraphPad Prism 7. A p value of <0.05 was considered statistically significant.
■ RESULTS AND DISCUSSION
In Vitro Characterization of the Structure of the Human Tropomyosin Overlap Domain. To determine whether cTnT is antiparallel with respect to the orientation of Tm at the overlap, we utilized FRET. As mentioned in Materials and Methods, the ATPase assay using the labelconjugated version of the Cys variant proteins used for FRET demonstrated proper calcium-based Tn regulation of the thin filament. The measured distances without calcium are listed in Table S1 and with calcium in Table S2 . With the FRET donor IAEDANS at cTnT residue 100 and the FRET acceptor DDPM at both C-terminal Tm sites 265, the distance between the sites is measured to be 30.95 Å in the absence of calcium. This distance then decreases as the acceptor probes are moved along the C-terminus, specifically to Tm 271 (27.80 Å) and then Tm 279 (24.80 Å). The distance between cTnT 100C and the Nterminal Tm 13C was 27.17 Å. This indicates that cTnT site 100 is close to the middle of the overlap. This fully agrees with the placement in the model, as seen by the labeled sites in Figure 3 .
With the FRET donor covalently linked to residue 127 of cTnT, the C-terminal Tm FRET acceptor sites surround this residue in the wild-type state. In the WT thin filament in the absence of calcium, cTnT 127 is closer to Tm 271 (28.38 Å) than either Tm 265 (28.87 Å) or Tm 279 (30.30 Å). Additionally, there was no discernible FRET between cTnT 127 and Tm 13. Because cTnT 127 is far from site 13C of Tm, this localizes cTnT 127 farther from the overlap along the Cterminal Tm. Thus, the overall finding from the FRET pairs used to query cTnT 127 suggests that this location is proximal to the C-terminal region of the Tm overlap, but out of FRET range of the N-terminus. The distances were >40 Å compared to the R 0 of 28.96 Å.
Calcium Affects Only Residues Distal from the Overlap Center. The addition of calcium induced significant changes only in the cTnT 127−Tm 265 FRET pair. The overall result of adding calcium to a system was an increase in the distance between this pair. The impact of calcium on distances is illustrated in Figure 4 as well as in Tables S1 and S2 . Significance and variance were observed at similar levels seen in thin filament systems utilizing the same FRET probes. 43, 44 We were expecting relatively small changes in distance at the overlap due to calcium or mutations, as large changes would be expected to disrupt the structure in a manner that would likely impact overall viability. The rest of the FRET pairs did not reveal statistically significant effects of calcium on distance. An overall lack of calcium-induced movement may indicate two 
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Article phenomena: the role of the overlap itself as a binding region or the fact that there are no large changes in the absence of myosin. 17 These results are consistent with previous findings from other groups, e.g., a lack of calcium-induced movement between cTnT and Tm. 30 Previous studies utilizing FRET and the thin filament have found a minimal effect of calcium on the relative position of thin filament proteins. 45−48 However, there have been some larger-scale calcium-induced changes observed near the Tn core with respect to Tm. 30 Kimura-Sakiyama et al. did not observe any significant movement of Tm compared to the TnT fragment at the overlap, 30 while they did note calcium-induced changes between the two proteins near the Tn core region. There is a slight decrease in distance that is induced by calcium at the sites farthest from the Tm overlap and closest to the Tn core, around 1−2 Å. However, at the center of the Tm overlap, it is likely that any calcium-induced changes are small enough that they cannot be resolved using FRET. The increased calcium effects distal from the overlap compared to the overlap center provide structural insight. The C-terminal portion of the overlap is likely the location of the Tm−Tn binding region, 49 and thus, the proteins are closely associated with one another in a unique configuration regardless of calcium status. As one examines Tm−Tn interactions while changing perspective from the Tm overlap toward the Tn core, the nature of the relationship between these proteins changes. There is no longer a binding region between the proteins until the Tn core itself, and this may lead to more calcium-induced changes between the proteins. Thus, we may be seeing a transition between two types of interactions of the cTnT and Tm system, such that the calcium-induced C-terminal shift may be indicative of displacement of the Tn core in response to calcium.
Tm D230N. Tm D230N decreases the distance across the center of the Tm overlap. In particular, upon measurement between cTnT 100 and Tm 271, the distance decreased as a result of this mutation when compared with that of WT Tm, by 0.90 Å in the presence of calcium. Tm D230N increases the distance between site cTnT 127 and two locations of Tm, Tm 271 and Tm 279. The distances were increased by 2.46 and 1.06 Å, respectively, in the samples with calcium. These increases in distance are located farther from the overlap. There were no significant changes in distance induced by Tm D230N observed at residue 13 of Tm. Notably, this residue is at the Nterminus of Tm, and thus, if measurements at this site were affected by the Tm D230N mutation, it would have been either propagated over a distance much longer than those of the other Tm acceptor sites or affected via interactions across the overlap. Overall, the effects of Tm D230N impact the overlap structure on the portion proximal to the mutation and are represented in Figure 5 .
cTnT R92L. cTnT R92L increased the distance between cTnT 100 and Tm 271. There was also a slightly decreased distance between cTnT 100 and Tm 279, distal to the Nterminal overlap region. There was only one significant difference involving cTnT 127, at Tm 279, which was most proximal to cTnT R92L. These increases in distance between cTnT and Tm were more pronounced in the presence of calcium. Overall, the R92L mutant effects appear to be more concentrated in the N-terminal portion of Tm, proximal to the mutation, as shown in Figure 5 . These differential effects on Tm−TnT structure at the overlap region likely affect global Tm flexibility and thus cooperativity.
Opposing Effects of Tm D230N and cTnT R92L between Two FRET Pairs at the Overlap. Tm D230N and cTnT R92L resulted in opposite effects when compared to the wild type for the FRET pairs from cTnT 127 to Tm 279 and cTnT 100 to Tm 271. These opposing effects were amplified and statistically significant in the experiments with calcium. We see changes in distance at the center of the Tm overlap between cTnT 100 and Tm 271, which could explain changes in cooperativity, in addition to an opposing compensatory change in distance between cTnT 127 and Tm 279. The sums of these effects are represented by the black contours in Figure 5 . The overall distances from the FRET experiments are shown in Figures 6 and 7 .
DSC. The interactions of fully reconstituted thin filaments were examined via DSC. There is a highly cooperative transition associated with the Tm−actin interaction at roughly 47°C. 39 This transition is surrounded by a dashed outline in Figure 8 . The melt transition temperature of the Tm−actin interaction was significantly affected by the presence of the Tm D230N mutation but showed only modest effects in the presence of the cTnT R92L mutation. The melt temperature for the filament containing Tm D230N was 47.9 ± 0.21°C when that of the wild-type thin filament was 47.2 ± 0.14°C. This increased thermal stability is indicative of an enhanced interaction between the Tm and actin in the presence of Tm D230N. The melt temperature for Tn−Tm−actin interaction Figure 4 . Adding calcium to a thin filament increases the distance between Tm and cTnT in the region adjacent to the C-terminal portion of the overlap. The magnitude of this change is around 2 Å. This is small in comparison with the larger-scale calcium-induced movements in the Tn core. We observe an overall lack of calciuminduced movement at the overlap itself. Figure 5 . Effect of the Tm D230N mutation and the cTnT R92L mutation on the FRET distances at the overlap shown as arrows, with a black contour representing the overall changes at the overlap in the presence of calcium. Tm D230N (red arrows) decreases the distance between cTnT and Tm at the center of the overlap (between cTnT 100 and Tm 271). cTnT R92L (green arrows) increases the distance between cTnT and Tm at the center of the overlap region. Both mutations result in an opposing compensatory change in distance between cTnT 127 and Tm 279. The change in overlap distance along with the compensation is represented by the black contour on cTnT. for the thin filament with cTnT R92L was 47.3 ± 0.06°C, similar to that of the wild type.
The full width at half-maximum (fwhm) of the unfolding process of Tn−Tm−actin interaction narrowed from 0.993 ± 0.01 to 0.883 ± 0.01°C in the presence of Tm D230N. The decreased fwhm of this unwinding is consistent with a highly ordered or cooperative system. When the Tn−Tm complex and actin begin to dissociate, the process occurs more rapidly. This increased cooperativity is consistent with an enhanced interaction across the Tm overlap region. In combination with the increased unfolding temperature, we observe two metrics that indicate enhanced overlap interactions. The cTnT R92L mutant thin filament led to an increased fwhm of the dissociation of the Tn−Tm complex from actin, from 0.998 ± 0.01 to 1.38 ± 0.14°C, contrasting with the effect of the Tm D230N mutation on this measurement. The increased fwhm of the Tm−actin interaction suggests weakened interactions between adjacent Tm units, and a less cooperative Tm filament.
Molecular Dynamics. The structure and dynamics of the cardiac thin filament were studied using our all-atom model of the cardiac thin filament for the wild type and Tm D230N and cTnT R92L mutants. Because the thin filament is a cooperative, highly allosteric multisubunit "machine", it is crucial to study the intact structure, to maximize functional and dynamic insight. It is only by understanding how mutations in one part of the complex transmit structural and dynamic information to another that we can make useful theoretical predictions about the nature of mutational effects.
The results showed overall effects that were consistent with the in vitro studies. Compared to a wild-type thin filament, inclusion of the Tm D230N mutation decreased the average distance between residues 94−133 of cTnT and the center of the Tm molecule from 19.867 to 18.464 Å. Conversely, including the cTnT R92L residue increased the distance between these same residues from 19.867 to 21.157 Å. The overall effects are displayed in Figure 9 . The modulation in overlap distances by the mutations reflects the altered protein− protein interactions.
Additionally, the shape of cTnT along Tm was affected by the cTnT R92L mutant. While the Tm D230N mutant maintained the curvature of the TNT1 of the cTnT region along the Tm that the wild type exhibited, the cTnT R92L TNT1 region is straight throughout the span of the Tm, which is more pronounced at the N-terminal end of the TNT1 α-helix. The removal of the curvature increased the average distances between cTnT and Tm. This is also demonstrated in Figure 9 . We note that for both the Tm D230N and cTnT R92L results, the overall changes in geometry recapitulate the curves shown in Figure 5 .
For decades, it has been known that the unique head-to-tail array of Tm overlap contributes to both the strength and flexibility of the thin filament. The overlap structure also plays a central functional role in modulating the cooperativity of myofilament activation from calcium and myosin. This supports an important and highly conserved function of this domain. The origin of cooperativity in the thin filament has been attributed to transmission of structure either via the head-to-tail overlap or via actin conformational changes. 8, 9 Previous reports have estimated that in addition to many Tm mutations, >65% of all cTnT mutations occur within regions near or flanking the Tm overlap region. 50 More recently, independent mutations predicted to affect the overlap have been shown to cause divergent patterns of ventricular remodeling, a clinically relevant and complex observation. 23, 24 Despite extensive high- Figure 6 . Distances ± SE for the wild type (WT), Tm D230N, and cTnT R92L containing thin filaments using cTnT site 100 as the FRET donor site. *p < 0.05; **p < 0.01.
Article resolution studies, including molecular dynamics simulations, X-ray crystallography, cryo-EM, and FRET, mechanistic insight regarding how single-amino acid substitutions within the same region could cause divergent phenotypes is lacking. 15, 16, 30, 51 To directly address this, we combined DSC, FRET, and MD simulations. We have characterized the Tm overlap structure at baseline and in the presence of the two mutations, Tm D230N and cTnT R92L. We find that the overall divergent effects of the two mutations on the baseline structure and properties of the overlap highlight its importance in thin filament cooperativity. Our findings suggest that there is a basis for altered cooperativity that arises from Tm−Tm head-to-tail interactions. Although we have elucidated the primary effect of these mutations on thin filament structure, the link between these biophysical effects and the eventual remodeling that results in HCM or DCM over time still warrants further investigation.
The DCM-associated Tm D230N mutation has been well characterized in two large multigenerational families in a clinical study, as well as in molecular studies. 52, 53 Because of the proximity of the Tm D230N mutation to the overlap, we predicted that this mutation may lead to opposite structural effects on the Tm overlap when compared to the HCM causing the cTnT R92L mutation. 24 The overlap would be predicted to be less flexible, thus leading to increased cooperativity of the Tm filament, reflecting a stronger Tm−Tm connection. This hypothesis agrees with the results of Gupte et al., who showed Figure 7 . Distances ± SE for the wild type (WT), Tm D230N, and cTnT R92L containing thin filaments using cTnT site 127 as the FRET donor site. *p < 0.05; **p < 0.01; ****p < 0.0001; +p < 0.05; + +p < 0.01; +++p < 0.001. Figure 8 . DSC results for fully reconstituted thin filaments of (A) wild-type, (B) Tm D230N, and (C) cTnT R92L variants. The fwhm of the actin−Tm binding interaction is represented by the sharp peak near 47°C and represents the cooperativity of the interaction. This interaction is outlined in the wild-type data with a dashed line. The wild-type complex peak (0.993 ± 0.01°C) is wider than that of the peak from the Tm D230N complex (0.883 ± 0.01°C) but narrower than that of the cTnT R92L complex (1.38 ± 0.14°C). The standard deviation resulted from two or three independent experiments.
Article that the D230N mutation increased the cooperativity of binding under low-salt conditions. 53 The cTnT R92L mutation is located at a mutational hot spot, located adjacent to the Tm overlap. 24 The effect of the TNT1 region of cTnT on the cooperativity of calcium activation has been previously demonstrated by our group. 31, 54, 55 There was no evidence of haploinsufficiency leading to the cTnT R92L effects, and thus, the mechanism of disease was believed to be biophysical alterations of the TnT itself. cTnT R92L led to a weakened interaction between the cTnT and Tm proteins. The prior work also showed that cTnT R92L was less cooperative than the wild-type complex. This decrease in cooperativity was correlated to an increase in the flexibility of the TNT1 region, specifically the hinge region near sites 104−110. The R92 mutations have also recently been found to have effects that propagate along the molecule to the Tn core, where R92L and R92W differentially affect the rate of dissociation of calcium from cTnC, 28 coupled with differential downstream calcium handling shown by other studies. 56, 57 In another study, Sewenan et al. showed HCM causing mutants Tm D175N and Tm E180G led to less cooperative inhibition between regulatory units of the thin filament. 58 On the basis of the prior results, we hypothesized that HCM-associated cTnT R92L would result in a more flexible TNT1. The Tm−actin unfolding cooperativity decreased in the presence of cTnT R92L. MD results showed the cTnT R92L mutation led to an increased Tn−Tm distance along the whole cTnT N-terminal region. As a whole, the results from these independent approaches show that cTnT R92L increases interprotein distances at the overlap and thus decreases the cooperativity of the Tm filament. The proximity of the R92 hot spot and its predicted effects on the cTnT hinge region 59 are in agreement with the results of our current study. A possible mechanism for primary effects from the cTnT R92L mutation is the elimination of a local interaction, the salt bridge created between the side chains of R92 and D89 of the cTnT, as seen in MD ( Figure 9B ). Without the salt bridge between R92 and D89, the N-terminal end of the TNT1 α-helix is straight because of the increased degree of freedom that occurs without the salt bridge pushing the D89 farther away.
Previous studies that focused on the Tm overlap region have provided insights into its structure. For example, Hill et al. and Jin et al. have shown its importance as a cTnT binding region. 17, 60 There is ample evidence of a Tm−cTnT binding site at the overlap. 17, 61 This is one of two Tm−Tn binding sites, and thus a site for Tn to modulate Tm structure and dynamics. Greenfield et al. and Li et al. have shown the orientation of the interdigitating N-to C-terminal Tms at the overlap. 13, 15 These structures highlight the relationship between the ends of adjacent molecules, and thus their role in thin filament regulation. Li et al. demonstrated that the flexibility across the overlap structure is small, implying that positional information can be translated to neighboring Tm. 13 Additionally, it has been found that the stiffness of the overlap can be modulated, for example, with phosphorylation of Tm S283. 62 Tm S283 phosphorylation has been demonstrated to increase the stiffness of the Tm overlap region. 62 Additionally, Tm S283 phosphorylation has been shown to extend the cooperativity of myosin binding to the thin filament. 63 Thus, if effects from phosphorylation and these mutations (cTnT R92L and Tm D230N) were additive, we would observe a further increase in the effects of Tm D230N on the overlap (further enhanced cooperativity), and a decrease in the effects of cTnT R92L (an increase in cooperativity from Tm phosphorylation countering the decrease in cooperativity from cTnT R92L). Studies to address these questions are to be pursued.
Of note, β-Tm is known to be expressed in the fetal heart, and neonatal expression is associated with heart failure. 64 One study found that β-Tm significantly reduced the cooperativity of myofilament activation upon being phosphorylated. 65 One of the amino acids at the Tm overlap that differs between α and β is residue 276, which is a His (positive charge) in α-Tm and an Asn (polar) in β-Tm. This substitution was postulated as the cause of the reduced level of binding between β-Tm and Tn, specifically between Tm and TNT1 66 at the Tm overlap. Thus, the presence of β-Tm may amplify the effects of cTnT R92L and alleviate effects from Tm D230N. This does not take into account unique interactions that may occur between the mutated thin filament proteins and the β-Tm.
With respect to Tm and actin interactions, there are two hypotheses that focus on either the importance of site specific interactions or Tm global properties. Singh et al. proposed a mechanism of binding of Tm to actin based on specific interaction sites. They have linked alterations that destabilize Tm to a reduced level of actin binding, by means of changing the flexibility of the filament, and thus changing interprotein contacts. 67 In contrast, Holmes and Lehman emphasized the shape itself, rather than the flexibility allowing for specific binding, as being more crucial in determining the binding of Tm to actin. 1 We did not examine residue specific interactions between Tm and actin and thus cannot comment on specific actin−Tm interaction sites. Our results directly support the perspective of the polymeric Tm filament taken as a whole, as the properties of the overlap had a significant effect on protein interactions, as measured by DSC.
Tm can shift in position relative to cTnT in positions that are defined by the α-helical repeats. Some differences between our MD and FRET results at the residue specific level may be due to the dynamic nature of the overlap. The results do not agree on a residue specific basis. These differences are demonstrated in Figure 10 , particularly with cTnT 127. Although the residues near cTnT 100 have good agreement with the model, cTnT 127 should appear closest to Tm 265 via our FRET. Despite 
Article this inconsistency, the model does provide overall structural insight into possible mechanisms of the cTnT R92L mutation. The residue specific differences are now informing the hunt for an alternative free energy minimum structure that fits all new data.
We have defined the baseline structure of the Tm overlap in the presence of cTnT and established the biophysical basis for the effects of HCM-and DCM-causing mutations on the Tm overlap. Of note, these mutations have differential effects clinically, and thus, defining a differential effect in a crucial functioning region of the protein is another step toward understanding the primary biophysical impairment that leads to disease, a crucial step toward the development of modern therapeutics. 68 Finally, our results set the framework for developing a novel approach to predicting the pathogenicity of de novo thin filament mutations in patients with HCM and DCM. Biochemistry Article
